Eukaryotic tail-anchored (TA) membrane proteins are inserted into the endoplasmic reticulum by a posttranslational TRC40 pathway, but no comparable pathway is known in other domains of life. The crystal structure of an archaebacterial TRC40 sequence homolog bound to ADP • AlF 4 − reveals characteristic features of eukaryotic TRC40, including a zinc-mediated dimer and a large hydrophobic groove. Moreover, archaeal TRC40 interacts with the transmembrane domain of TA substrates and directs their membrane insertion. Thus, the TRC40 pathway is more broadly conserved than previously recognized.
Eukaryotic tail-anchored (TA) proteins are found in all intracellular membranes where they perform wide-ranging functions (1) (2) (3) (4) . Those destined for compartments of the secretory pathway are inserted into the endoplasmic reticulum (ER) membrane by a recently discovered post-translational targeting pathway (5) (6) (7) (8) (9) . Newly synthesized TA proteins are first captured by the mammalian Bag6-TRC35-Ubl4A 'pretargeting' complex or its yeast ortholog, Sgt2-Get4-Get5 (10-13). Next, the TA substrate is transferred to a cytosolic ATPase, called transmembrane domain recognition complex (TRC) 40 (Get3 in yeast) (5, 7) , which targets to its ER-localized membrane receptor, WRB (Get1/2 in yeast) (8, 14) . Subsequently, the TA substrate is inserted into the membrane and TRC40/Get3 is recycled to the cytosol. The multiple components of this conserved eukaryotic targeting pathway ensure selectivity for the ER membrane and minimize TA protein aggregation in the cytosol (8, 15, 16) .
Archaeal and bacterial genomes also encode TA proteins (17) , but the mechanism underlying their insertion into the prokaryotic plasma membrane is not known. Indeed, given their simple membrane system, the relatively small number of predicted TA proteins (17) and the feasibility of 'unassisted' insertion (18) , it is not known whether archaea or bacteria even require a specialized post-translational TA membrane protein targeting system.
The identification of archaeal sequence homologs of eukaryotic TRC40/Get3 led to the proposal that archaea possess a TA protein targeting pathway similar to that in eukaryotes (17) . To test this, we first determined the X-ray crystal structure of ADP • AlF 4 − -bound TRC40 from the methanogen Methanothermobacter thermautotrophicus at 2.1Å resolution (Table S1, Figure S1 and Methods). The archaeal enzyme adopts the same 'closed' conformation observed in the ADP • AlF 4 − -bound form of Saccharomyces cerevisiae Get3 (19) (Figure 1A ,B) (∼36% sequence identity; RMSD Cα of 0.78Å over 194 residues). This closed conformation results in an extensive dimer interface that spans the ATPase-and α-helical subdomains and buries two active-site nucleotides in a head-to-head conformation at the interface. The two monomers are linked by a zinc ion that is co-ordinated by four cysteine residues. These cysteines, two from each monomer, are part of the conserved 'CXXC' motif found in all known eukaryotic TRC40/Get3 orthologs, but not in functionally unrelated bacterial ArsA sequence homologs ( Figure 2 ).
The most striking structural feature of ADP • AlF 4 − -bound archaeal TRC40 is a large hydrophobic groove located at the dimer interface ( Figure 1A,C,D) . A similar feature, observed in the ADP • AlF 4 − -bound structure of yeast Get3 ( Figure 1B,E) , has been implicated as the site of transmembrane domain (TMD) binding by a combination of structural, biochemical and genetic analysis (19) (20) (21) (22) (23) . In archaea, as in yeast, the composite groove is constructed from a series of flexible, amphipathic helices. Notably, helix α8 (part of the 'TRC40-insert' sequence motif), which is observed in 'open' conformations of yeast Get3 (19, 21, 23) , is absent from the MtTRC40 structure. Instead, helices α7 and α9 form an extended hairpin structure connected by an ∼12-residue loop ( Figure 1A ). In the crystal, the hydrophobic surface of this loop interacts with the corresponding loop from a symmetry-related molecule. As is true for eukaryotic TRC40/Get3 orthologs, www.traffic.dk 1119
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ScGet3 the non-polar and methionine-rich character of the groove is conserved across archaeal TRC40s (Figure 2) (17, 19) .
The conservation of key structural features suggested that the archaeal and eukaryotic TRC40 homologs share a common function. To address this directly, we asked whether MtTRC40 interacts with TA substrates in vitro. Cross-linking analysis in a rabbit reticulocyte lysate (RRL) translation extract supplemented with purified MtTRC40 revealed a strong interaction with full-length human Sec61β (a model TA protein) ( Figure 3A) . In contrast, an insertion-deficient 'triple arginine' Sec61β mutant and a construct lacking a TMD fail to interact appreciably with MtTRC40 ( Figure 3A) . Thus, as is observed with eukaryotic TRC40 (11), TMD hydrophobicity is an important determinant of TA protein binding to MtTRC40.
We also examined whether archaeal TRC40 could functionally replace the endogenous mammalian TRC40 at physiological concentrations. When added to an RRL translation extract depleted of TRC40 and pretargeting factors, MtTRC40 could be cross-linked efficiently to Sec61β ( Figure 3B ). This cross-link was lost upon incubation with yeast rough microsomes (yRMs) (prepared from a Get3 strain) but not liposomes ( Figure 3B ), suggesting that the TA protein had inserted into the yRM membrane.
To test this, we used a protease-protection assay to measure insertion of these MtTRC40-Sec61β complexes. Strikingly, Sec61β inserted efficiently into yRMs, but not into the protein-free liposomes ( Figure 3C ). Moreover, microsomes from Get1 or Get2 yeast strains displayed reduced levels of insertion, while Get3 microsomes were similar to wild-type yRMs ( Figure 3C ).
The discovery of a structurally and biochemically conserved TA protein targeting factor in archaea indicates that the post-translational TRC40 pathway is more broadly conserved than previously appreciated. The absence of recognizable sequence homologs for any of the upstream eukaryotic components (e.g. Sgt2, Bag6, TRC35 or Ubl4A) suggests that the archaeal pathway represents a simplified and ancient predecessor. That MtTRC40 directs insertion into yRMs in a Get1-and Get2-stimulated manner is consistent with a functionally orthologous integral membrane receptor in archaea. If this were the case, the primary sequence identity is apparently limited as no clear homolog to eukaryotic WRB, Get1 or Get2 is seen in (B) DATGAYHREIAKKMGEKGHFT............................... archaeal genomes. Thus, whether a membrane receptor for MtTRC40 exists or is required for efficient insertion remains to be determined.
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Alternatively, the single membrane architecture of archaea may obviate the need for a dedicated TRC40 receptor, with TA protein insertion occurring instead by an 'unassisted' mechanism (18) facilitated by the lipid composition of the archaeal plasma membrane. In this view, TRC40 is serving solely as a chaperone, with its targeting function coevolving with diversification of intracellular membranes. Defining the mechanistic basis of TA protein capture and insertion in this minimal archaeal system is an important goal for future studies.
Methods Protein cloning, expression and purification
The gene encoding full-length M. thermautotrophicus TRC40 was amplified by polymerase chain reaction (PCR) from genomic DNA and subcloned into pCDF-1b (Novagen). This construct was cotransformed with C-terminally 6xHis-tagged Methanococcus jannaschii Sec61β in pET21c (Novagen) into Escherichia coli BL21(DE3)/pRIL (Novagen). Expression was carried out at room temperature for ∼12 h by induction with 0.1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) after the cells reached an A 600 of ∼0.6. Cells were disrupted in lysis buffer [50 mM Tris, pH 7.5, 500 mM NaCl, 5 mM β-mercaptoethanol, 10 mM imidazole, 5% glycerol, 20 μg/mL Dnase1 and 1 mM phenylmethylsulphonyl fluoride (PMSF)] using a high-pressure microfluidizer (Avestin). After clearing by centrifugation, the supernatant was batch-purified by nickel affinity chromatography (Ni-NTA His Bind Resin; Novagen) followed by gel filtration (Superdex 200 10/300 GL; GE Healthcare). Uncomplexed MtTRC40 dimer fractions were pooled, repurified by gel filtration, concentrated to ∼5-10 mg/mL in 10 mM Tris, pH 7.5, 150 mM NaCl and 2 mM DTT, and stored at −80
• C. For biochemical analysis, the gene encoding MtTRC40 was subcloned into a pET28 derivative (Novagen) modified to incorporate a tobacco etch virus (TEV) protease cleavage site between an N-terminal 6xHis tag and the polylinker; 6xHis-tagged protein was purified by nickel affinity and size-exclusion chromatography essentially as described above.
Crystallization, data collection and refinement
Crystals of MtTRC40 complexed with ADP • AlF 4 − were grown at room temperature using hanging drop vapor diffusion by mixing equal volumes of an ∼6 mg/mL protein solution containing 2 mM ADP, 2 mM MgCl 2 , 2 mM AlCl 3 and 8 mM NaF with a reservoir solution containing 34% pentaerythritol propoxylate (5/4 PO/OH), 50 mM HEPES, pH 7.0 and 25 mM KCl. Crystals were flash frozen directly in liquid nitrogen. Data were collected at APS beamline 21-IDF (λ = 0.97856) and processed using HKL2000 (HKL Research).
The structure was determined by molecular replacement with PHASER (19) using the closed-dimer form of S. cerevisiae Get3 (2WOJ) with the α-helical subdomain removed as the search model. A data set to 2.1Å was used for model building and refinement with COOT (20) and PHENIX (21) Full-length human Sec61β, an insertion-deficient triple arginine mutant (3R) or a construct lacking its TMD ( TMD), was synthesized in RRL in the presence or absence of 100 ng/μL recombinant 6xHis-tagged MtTRC40. Fractions from a sucrose gradient were treated with an amine-specific cross-linker and pulled-down using anti-TRC40 antibodies ('TRC40-IP') or Ni-NTA sepharose beads ('Ni-pull'). The positions of non-crosslinked Sec61β and the major cross-linked partner (endogenous mammalian TRC40 or recombinant MtTRC40) are indicated. B) Sec61β was synthesized in PD-RRL supplemented with 5 ng/μL MtTRC40, incubated with liposomes or yeast rough microsomes prepared from a Get3 strain ( Get3-yRM) and then subjected to chemical cross-linking. C) Sec61β was synthesized in PD-RRL supplemented with 5 ng/μL MtTRC40. After incubation with the indicated vesicles, insertion was monitored using a protease protection assay described previously (7, 18) . The PF diagnostic of proper insertion of the TA substrate is indicated. 
Cross-linking assay
Full-length 35 S-labeled human Sec61β or its mutants were synthesized in an RRL translation extract in the presence or absence of 100 ng/μL 6xHis-tagged MtTRC40. After translation for 30 min at 32
• C, the mixture was subjected to 5-25% (w/v) sucrose gradient in physiological salt buffer (50 mM HEPES, pH 7.4, 100 mM potassium acetate, 7 mM magnesium acetate) for 5 h at 259 000 × g at 4
• C. Ten fractions were collected manually from the sucrose gradient. Fractions 4-6 were pooled and Disuccinimidyl suberate (DSS) cross-linker was added to a final concentration of 250 μM. After incubating for 30 min at room temperature, the reaction was terminated by adding 100-fold molar excess of Tris-HCl, pH 7.5. Samples were boiled with 1% SDS and diluted with 10-fold excess of immunoprecipitation buffer (IP: 50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton-X-100) at 4
• C. Anti-TRC40
antibodies (against human TRC40) or Ni-NTA Sepharose beads were added and incubated with mixing for 90 min at 4 • C. To recover the immunoglobulins, protein A agarose beads were added and mixed for 90 min at 4
• C. The beads were washed 3× with 1 mL of IP buffer, eluted with SDS-PAGE sample buffer and analyzed by 12% Tris-Tricine gel and autoradiography. Cross-linking was also performed in the absence of endogenous mammalian TRC40 using a phenyl-and Diethylaminoethyl (DEAE)-Sepharosedepleted RRL (PD-RRL) translation extract (see below). Following synthesis of Sec61β in the presence or absence of 5 ng/μL 6xHis-tagged MtTRC40, ribosomes were removed by centrifugation and cross-linking was carried out on the supernatant as described above.
Insertion assay
Full-length 35 S-labeled human Sec61β containing a double strep-tag at the N-terminus and a 3F4 epitope tag at the C-terminus was synthesized in PD-RRL supplemented with 5 ng/μL of 6xHis-tagged MtTRC40. After removing ribosomes by centrifugation, the supernatant was tested for insertion into liposomes or yRMs (prepared from wild-type or Get-deletion strains from Open Biosystems) in the presence of an energy-regenerating system (2 mM ATP, 10 mM creatine phosphate and 40 μg/mL creatine kinase). After incubating at 32
• C for 30 min, the samples were treated with proteinase K (0.5 mg/mL) for 60 min on ice. The protease protected fragment (PF) was immunoprecipitated with an antibody against the 3F4 tag at the C-terminus of Sec61β.
Miscellaneous
Liposomes containing egg phosphatidylcholine and dipalmotyl phosphatidylethanolamine in a 4:1 (w/w) ratio were prepared by extrusion through 100-nm polycarbonate filter. Depleted RRL translation extract was prepared by removing ribosomes by centrifugation and passing the supernatant over a phenyl-Sepharose column. The flow-through was bound to and eluted from a DEAE-Sepharose column, and the depleted translation extract (PD-RRL) was reconstituted from the DEAE elution and ribosomes. This lysate is devoid of TRC pathway chaperones, and is deficient for TA substrate insertion unless supplemented with physiological concentrations of TRC40/Get3 ( Figure S2 ). cloning, protein purification and crystallization. JS, PD and RJK performed data collection and JS carried out the structure determination and model building. MM and RSH performed the substrate-binding and membrane insertion assays. RJK conceived the project, guided experiments and wrote the article. All authors discussed the results and commented on the manuscript. The X-ray structure of Mg 2+ ADP • AlF 4 − -bound M.
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